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Abstract: Balçova-Narlıdere Geothermal Field (BNGF) hosts the largest geothermal district heating system of Turkey and several
geothermal wells used for district heating and thermal tourism activities. This study assesses the use of BNGF geothermal fluid for
agricultural activities. The spent geothermal brine was treated using nanofiltration and reverse osmosis membranes on a pilot-scale
membrane test system. The qualities of the product were evaluated in terms of agricultural irrigation integrated with the implemented
innovative wireless sensor network. It is important to use geothermal fluid, which is consists of valuable minerals, for irrigation. But
when using geothermal fluid in irrigation, the chemical composition of the water must be carefully monitored to prevent damage to
the plants. Nevertheless, the first result shows that the use of geothermal fluid to irrigate is proving to be a promising and economically
viable option in BNGF.
Key words: Arsenic, boron, drip irrigation, geothermal water, membrane process, wireless sensor network

1. Introduction
Energy obtained from conventional fossil fuels has been
currently the leading player in global energy resources,
produced and used by various countries. That being said,
with rising concerns about global warming, states and
businesses are turning to renewable and environmentally
friendly energy sources (Bongole et al., 2021). Geothermal
energy is a renewable and reliable energy resource that is
environmentally friendly and has a large amount of energy
potential stored beneath the earth surface (Tester et al.,
2007). Water is perhaps the most commonly used transfer
heat fluid medium in low-enthalpy geothermal exploitation
systems due to its high thermal capacity (Chu et al., 2021).
Nevertheless, two issues may arise during geothermal
water production: a reservoir pressure shortfall and the
negative effects of geothermal water disposal upon heat
usage. Geothermal power plants use significant quantities
of geothermal fluids to produce electricity (EPAUS, 2008).
Disposing of spent geothermal fluid to flowing rivers was
thought to be one option for removing wastewater after the
energy was extracted (Haklıdır et al., 2021). However, this

method is not environmentally friendly. Based on longterm findings, it was mentioned that used geothermal fluid
discharged to a river has a much higher concentration of
major ions than water flowing in the surface water (Wątor
and Zdechlik, 2021). Another approach to dealing with
spent geothermal fluid is reinjection back into the reservoir.
Both theories and practices have shown that geothermal
fluid reinjection is the most effective approach for these
problems (Liu, 2003; Kaya et al., 2011). One critical
aspect is how to ensure the flow safety and injectivity of
the wellbore, particularly corrosion risk, which can limit
the effective and economical usage of geothermal energy
(Knipe and Rafferty, 1985; Zhang et al., 2021). Some ion
concentrations in the production well fluids increased after
reinjection into similar lithology and fault zones (Haklıdır
et al., 2021). Thus, spent geothermal fluid finds its way into
cold groundwater resources, thereby contaminating the
groundwater resources. Alternatively, water shortages are
now becoming critical issues across all living creatures and
environmental health across the globe. This key problem
compels authority to seek new possible future sources of
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water that can be used efficiently both for drinking and
irrigation purposes. Hence, after the extraction of energy
from geothermal fluids, some part spent geothermal fluid
can reasonably be viewed as a promising alternative for
industrial use and agricultural irrigation, livestock farming,
wildlife watering, as well as for drinking water sources.
This would surely reduce the pressure on current existing
freshwater sources. It is also good to keep in mind that
recharging of the aquifer is also of paramount importance
for the sustainable use of geothermal energy (Melikoglu,
2017). However, due to the high salt content of the spent
geothermal fluid, its discharge to the surroundings or
direct use for agricultural irrigation would surely result
in the soil salinity and modification of agricultural areas
(Ozbey-Unal et al., 2018). Besides, geothermal water has
high boron and arsenic concentrations depending on the
geological properties of the region. Although boron is an
essential nutrient in plant nutrition, this high boron poses
a risk in plant production. Boron toxicity is considered a
significant problem in limiting plant growth, especially
in low rainfall and highly alkaline and saline soils. The
phytotoxicity of boron is manifested by physiological
disturbances such as short shoots, reduction of root
growth and decrease of stem cell division, RNA content,
leaf chlorophyll, and photosynthetic rate (Roessner et al.,
2006). Also, boron forms complexes with heavy metals
such as Pb, Ni, Cd, and Cu in groundwater resources,
posing a greater threat to drinking water sources of
heavy metals (Gallup, 2007; Cengeloglu et al., 2008).
Therefore, it is critical to keep boron concentrations
below the World Health Organization (WHO) limit of 0.5
mg/L and the European Union (EU) limit of 1 mg/L for
drinking water (Kalaitzidou et al., 2018, Ozbey-Unal, et
al., 2020). Similarly, arsenic can also be categorized as a
toxic drinking water substance across the globe due to its
numerous adverse effects on environmental sustainability
and human health. Arsenic’s posing effects pose serious
harm to human metabolism (Bundschuh et al., 2010). Due
to the global significance of arsenic danger to human health
and its high concentrations in geothermal fluid, the World
Health Organization (WHO) established a permissible
level of arsenic in drinking water is not to be greater than
10 µg/L (WHO). Therefore, it is of paramount importance
to treat geothermal fluid before its disposal. There are so
many studies that have highlighted the potential of fresh
and spent geothermal fluid from different parts of Turkey
also as a potential source of irrigation water (Koseoglu et
al., 2010; Yavuz et al., 2013; Samatya et al., 2015; OzbeyUnal et al., 2018; Jarma et al., 2021). There are also large
numbers of publications that show the potentials and
importance of using spent geothermal fluid (Tomaszewska
et al., 2013, 2017, 2020). However, these studies were
conducted in various minipilot studies.

Irrigation is responsible for consuming about 70% of
global freshwater resources, including rivers, lakes, aquifers.
With the effect of climate change, population growth, and
urbanization, competition between agriculture and other
water-consuming sectors regarding water allocation is
increasing day by day. Under these stresses, agriculture
must also be more productive, resource-efficient, and
sustainable (WB, 2021). For this reason, much innovative
technology has been used for irrigation. For example,
a wireless sensor network (WSN) is a group of network
nodes having sensing, processing, transmitting, and
receiving capabilities (Akyildiz et al., 2002). Sensor nodes
are distributed over the field within the constraint of
topographic conditions. The collected data are usually sent
to the central unit directly or via routers. The central unit
also transmits information from the outside world to the
sensor nodes (Hamami and Nassereddine, 2020).
In irrigation, efficient management of water helps
reduce yield losses, water stress, and nutrient leaching
(Kim and Evans, 2009). Today, it is already well known
that pressurized irrigation systems such as drip irrigation
increase the effectiveness of irrigation. However, by the
integration of recently emerging technologies such as
wireless sensor network, efficiency of irrigation can be
further increased by precise monitoring of soil water
content with advanced soil sensors and sensor-activated
valve controllers, which help determine the correct timing
of irrigation and the amount of irrigation water volume
(Balendonck et al., 2009; Lea-Cox, 2012; Hamami and
Nassereddine, 2021).
Additionally, this study will investigate the preliminary
treatment of spent geothermal fluid using large pilot-scale
nanofiltration (NF) and reverse osmosis (RO) membrane
system to apply the treated spent geothermal water for
irrigation of tomato plants at geothermal heating center.
2. Materials and methods
2.1. Study area
Balçova-Narlıdere Geothermal Field (BNGF) is located
7 km west of İzmir city and covers a total area of
approximately 3.5 km2 (Figure 1). The reconnaissance and
exploration studies were initiated in 1963, and Turkey’s
first downhole heat exchanger was applied in 1982.
Then Balçova Geothermal District Heating System was
commissioned in 1996. The district energy system has
been in operation for four decades (Erdogmus et al., 2006).
Izmir Geothermal Company provides district heating
services. At that time, 85% residential area of Balçova
and 15% residential area of Narlıdere is heated. The total
population benefited approximately 90,000 people. The
total current capacity is 145 MWth. The actual capacity
of the district heating system is about 37,500 R.E. The
installed capacity of the geothermal system from wells is
50,500 R.E. Other users are agricultural (greenhouses) and
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Figure 1. Study area and geothermal wells.

spas in tourist facilities. As of May 2021, the field houses
the largest geothermal district heating system of Turkey, a
modern spa complex with a total capacity of 1000 persons/
day, and approximately 10 ha greenhouse heating with 15
production and 5 reinjection wells. Besides geothermal
production and reinjection wells, the field contains
numerous groundwater wells used for irrigation of the
agricultural fields and greenhouses. The annual reinjection
rate is 96%.
2.2. Hydrogeochemical properties of the geothermal
fluid
The study area is situated on an east-west directed plain
where the Upper Cretaceous flysch formation, which
consists of siltstone, sandstone, and mudstone units, are
crop out, named the Bornova mélange by Erdogan (1990).
The hydrogeological unit is highly fractured and weathered
(Baba and Güngör, 2002). The geological formation has
low permeability and porosity. Two geothermal reservoirs
have been seen in the study. All geothermal wells are
planned to cut faults. The depth of wells ranges from 200
to 1100 m. The resource temperature changes from 96 to
141 °C. Also, the reinjection temperature ranges from 55
to 60 °C (Figure 2). The pH of the geothermal fluid ranges
from 6.68 to 8.6, and the electrical conductivity (EC) is the
change between 1742 and 2025 µS/cm (Figures 3 and 4)
(Baba and Sözbilir, 2016).
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The chemical characteristics of geothermal fluid,
based on major ion concentrations, were evaluated on the
Piper and Schoeller diagram (Figure 5). It can readily be
seen that geothermal fluid is relatively rich in Na-HCO3
(sodium bicarbonate type). Geothermal fluids have higher
B concentrations. The concentration of boron ranges
from 10 to 15 mg/L in the study area (Figure 6). The high
amounts of boron (B) content result from the formation of
the phyllite. B concentrations are high in thermal water in
Turkey. The high B concentration is related to sedimentary
and volcanic rocks but may also be controlled by the
degassing of magma intrusive (Baba and Armannsson,
2006).
2.3. Innovative wireless sensor network application for
irrigation in the study area
A WSN, operating at 868 MHz ISM frequency band, was
integrated into the installed drip irrigation system to reuse
of geothermal wastewater or treated geothermal fluid
for the irrigation of tomato plants. A concentrator, soil
monitoring, and valve control nodes were implemented in
terms of hardware and firmware in WSN. A GSM modem
(HE910, Telit) connected to the WSN concentrator
with RS232 serial communication provided the data
transmission from WSN to the server and vice versa.
LE70-868 (Telit) short-range transceivers, i.e. RF
module, formed the physical layer of the WSN. Modules
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were configured to operate in a star network with smart
repeater mode. This mode allows the leaf-like network
design with some advantages and restrictions (TSNPS,
2015).
In addition to the rules of star network mentioned
above, the following two rules have been set on system
design in terms of drip irrigation.
· Valve nodes can only be represented by nodes or
routers of the network.
· Soil monitoring nodes can only be represented by
subnodes of the network.
2.3.1. Hardware design
Regardless of their role, both nodes are designed and
manufactured as two hardware layers, namely, top and
bottom. While power components, analog/digital inputs
and outputs, and other electronic components such as
motor driver (DRV8800, Texas Instruments) are placed
on the bottom layer, microcontroller (MCU), RF module,
eeprom, and external antenna connection are placed on
the top layer.
A 32-bit ARM Cortex-M4 MCU with floating-point
support running at 84 MHz (STM32F401RET6, ST
Microelectronics) is selected as MCU. Communication
between MCU and RF module is established with UART
at TTL level. To save the user-defined configuration
parameters, an external eeprom (AT24C512, Atmel) was
connected to MCU via I2C connection.
The bottom layer includes a 12–24 VDC power input, 9
analog inputs for soil moisture sensors and pressure sensor,
1 digital input/output line for the SDI-12 communication
of digital soil moisture-EC-temperature sensors, 1 digital
input for a water meter connection, and 1 digital output
for 9VDC latch solenoid valve.
2.3.2. Sensors and other peripherals
Teros-10 and Teros-12 (Meter Group) sensors are
selected for soil moisture and soil electrical conductivity
measurements. Volumetric water content (VWC) range
of Teros-10 and 12 is 0–0.64 and 0–0.70 m3/m3 and in

mineral soils with standard calibration, respectively. Both
sensors have ±0.03 m3/m3 accuracy in mineral soils that
has solution EC is lower than 8 dS/m. The output of the
Teros-10 is between 1000 and 2500 mV regardless of 3 to
15 VDC supply voltage. By using the sensor output, VWC
is calculated using Equation 1.
VWC = 4.824 × 10-10 × mV3 – 2.278 × 10-6 × mV2 +
3.898 × 10-3 × mV – 2.154
(1)
where mV is Teros-10 sensor output as millivolt, VWC is
the volumetric water content of the soil as m3/m3.
The bulk electrical conductivity (EC) range of Teros-12
is 0–20 dS/m. The accuracy of the sensor between 0 and
10 dS/m is ±(5%+0.01 dS/m). The supply voltage is 4–15
VDC. This sensor communicates with MCU over SDI-12
protocol (SDI-12 Support Group, 2021) that allows the
placement of more than one Teros-12 sensor on a data
line and provides the measured values directly. According
to this protocol, each sensor must have a different ID.
Therefore, ID of each sensor has been changed before
insertion into the soil.
Both sensors were supplied with 5 VDC and were
awakened by toggling the power line from an MCU pin at
the time of measurement.
Applied irrigation water volume was measured by a
pulse water-meter (Baylan Watermeters, 1 pulse/liter).
An additional 12VDC latch solenoid valve (Rainbird) was
installed before the water-meter to initiate the irrigation.
This valve was powered up at 50 ms duration by firmware
to turn on and off.
2.3.3. Firmware and software design
The firmware was developed with C/C++ by Med OS 5.0
bare-metal profile. Interrupt driven control algorithm was
implemented to acquire sensor data, measure the watermeter pulses and control the solenoid valve.
Data transmission interval and irrigation water volume
to be applied can be configured and adjusted by the user
on the web-based graphical user interface (GUI). To start
the irrigation, the special command, including desired
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water volume (liter) was sent to the valve node over the
internet and RF by the user through the browser (i.e.
Google Chrome, etc.).
2.4. Field tests
2.4.1. Experimental design
Developed WSN was integrated into the drip irrigation
system installed at the experimental field of İzmir
Geothermal A.Ş. Yenikale Heat Center (38°23’45.95”N,
27°00’40.85”E). Dripper spacing is 20 cm, dripped flowrate
is 2 l/h (Figures 7 and 8).
Three irrigation treatments; T1: Irrigation with
freshwater, T2: Irrigation with low boron concentration
(treated geothermal water + freshwater mix, 2–4 ppm),
T3: Irrigation with high boron concentration (treated
geothermal water + freshwater mix, 4–6 ppm) with three
repetitions were planned to irrigate tomato plants.
A pair of soil monitoring nodes and valve control
nodes were attached to each treatment. Four Teros-10
and four Teros-12 soil sensors were connected to each
soil monitoring node and inserted into the soil at 25, 40,

50, and 70 cm depths (Figure 7). The data transmission
interval was 20 min.
A 5 m3 tank was used to store fresh water (T1) and
treated geothermal fluid + freshwater mix (T2 and T3) for
each treatment. A submersible pump was placed into each
tank to supply irrigation water to plants.
Tomato seedlings were planted with a density of 40 ×
80 cm (3.125 plants/m2 or 0.32 m2/plant) in 04.20.2021.
Each treatment has 186 plants (59.52 m2). Low and high
boron concentration treatments have not been initiated
immediately so that the plant seedlings can adapt to the
existing soil and climate conditions. All treatments were
irrigated with fresh water until the plants were shown
healthy root and shoot development.
2.4.2. Irrigation methodology
Ten days before planting, a basin was created on the surface
of the soil at the point where the sensors were placed, and
the soil profile was saturated up to approximately 100 cm in
each treatment. The soil moisture values read

by Teros-10
moisture sensors in each soil layer were observed for

Figure 7. General view of wireless sensor network soil monitoring node (left) and Teros-10 and Teros-12 sensors (right) for
tomato production.
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Figure 8. Schematic representation of an irrigation treatment (Treated geothermal water line has been installed only for low (T2)
and high (T3) boron concentration treatments).

approximately three days to determine the field capacity of
the soil. This test was repeated twice. Field capacity values
determined according to this test are given in Table 1.
Irrigation was managed by Teros-10 sensor readings.
The total amount of irrigation water to be applied is
calculated as the sum of the irrigation water amounts
calculated using Equation 2 separately for each soil layer
remaining within the soil depth to be wetted. Wetted soil
depth was considered 300 mm until 05.05.2021, 600 mm
in 05.05.2021, 750 mm after 05.05.2021.
I = (FC – M) × D × PD × N
(2)
where, I is the irrigation water volume (liter), FC is the
soil moisture at field capacity of the relevant soil layer (m3/
m3), M is the soil moisture before irrigation (m3/m3), D is
the thickness of the soil layer (mm), PD is the surface area
per plant (0.32 plant/m2), N is the total plant number per
treatment (186 plants).
The irrigation interval was between 2 and 3 days until
05.05.2021 and planned as 7 days after 05.05.2021, due to
capacity of the membrane treatment system, time required

to cool down the spent geothermal water and to reduce the
labor required to fill the tanks.
2.4.3. Large pilot-scale membrane tests
A pilot-scale NF/RO membrane system was installed
in the geothermal heating center, İzmir, Turkey, to treat
spent geothermal fluid for agricultural irrigation water
production. The spent geothermal brine was taken from
the geothermal heating center after the energy has been
extracted for the heating of the residential area. The spent
geothermal water having a temperature of 50–55 °C was
first taken into two PE containers of 5 m3 to cool down to
ambient temperature before its treatment by a pilot-scale
NF/RO membrane treatment system. Cooling of spent
geothermal fluid is necessary because the membranes
intended to be used for treating the spent geothermal
water are made of polymeric materials. Therefore, they
can only accommodate temperatures up to 45 °C as
recommended by the manufacturers. After the spent
geothermal fluid is cooled down to ambient temperature,
it was first pumped through sand and carbon filters to
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remove large particles, H2S, etc. before NF/RO inlets, the
system is equipped with 5 µm cartridge filters to remove
smaller particles that might be passed through carbon and
sand filters. Furthermore, the system is equipped with an
antiscalant dosage pump. Because the spent geothermal
fluid contains some inorganic scalants such as Ca2+ and
Mg2+ that can have a serious threat to the productivity of
the system when they form a scaling on the surface of the
membranes. The antiscalant used in this study was Ropur

(PRI-3000 A) type, while the antiscalant concentration
was maintained constant at 5 g antiscalant/m3 of the spent
geothermal water to be treated. The pilot-scale NF/RO
membrane system is equipped with a control panel where
parameters like permeate and concentrate flow rates,
pressure at the inlet, and the exit of the membranes are
monitored. The PID controller in the automation system
allows us to set a desired operational pressure and water
recovery without difficulties (Figure 9). For the course of

Table 1. Field capacity of different soil layers determined by Teros-10 soil moisture measurements.

Treatment

Sensor depth
(cm)

Representative soil
depth to be wetted
(or irrigated) (cm)

Layer thickness
(mm)

Field capacity (FC)
(m3/m3)

T1

25
40
50
70

0–30
30–45
45–60
60–75

300
150
150
150

0.28
0.23
0.24
0.19

T2

25
40
50
70

0–30
30–45
45–60
60–75

300
150
150
150

0.29
0.26
0.32
0.23

T3

25
40
50
70

0–30
30–45
45–60
60–75

300
150
150
150

0.28
0.27
0.25
0.23

Figure 9. Large pilot-scale NF/RO treatment system.
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this study, 1 NF (NF8040-70) and 1 RO (TM720D-400)
commercially available membranes were used. Properties
of the membranes used in this study are given in Table 2.
The membrane treatment system was operated in a closedloop mode, an applied pressure of 15 bar was maintained
throughout 4 h of experimental time. Water recovery was
maintained at 60%.
During each membrane test, samples from the
feed, permeate, and concentrate streams were collected
for further quality analysis. At every test, a HachLange HQ14D model multimeter was used to measure
conductivity, pH, total dissolved substances (TDS), as
well as salinity. The curcumin technique was used to
measure boron concentrations in the feed, permeate, and
concentrate samples using a Jasco SSE-343 V-530 UV/Vis
spectrophotometer.
Total-As, Na, K, Mg, Ca, SiO2, Ba, Fe, Si, Sr, and
Li concentrations were determined using inductively
coupled plasma SM 3120 B (ICP) method for the full
analysis of spent geothermal fluid taken directly from
the reinjection stream. The standard method 2320B was
used to determine the total alkalinity (mg CaCO3/L),
HCO3 (mg/L), as well as CO3 (mg/L). SO42- and F- ion
concentrations were determined using standard methods
with chemical kits, whereas Cl- ion concentration was
measured using the standard iodometric method (4500Cl B) for spent geothermal water taken directly from the
reinjection stream. Properties of the spent geothermal
water used in this study are given in Table 3.
3. Results and discussion
3.1. Preliminary results of irrigation test
To demonstrate the operational success of the WSN,
irrigations on 05.12.2021 and 05.17.2021 in T1 treatment
selected as an example. Soil moisture sensor readings
before irrigation are given in Table 4. On those dates, 1400
and 1680 liters of water calculated according to Equation
2 were applied to plants. Because of these applications,
changes in soil moisture and EC readings of Teros-10
and Teros-12 sensors within 75 cm soil depth are given in
Figures 10 and 11.

With the start of the irrigation, soil moisture end EC
readings increased up to 0.29 m3/m3 and 240 µmhos/cm in
the upper soil layer. Integrated WSN system successfully
captured and sent data to the database located on the
server at 20 min intervals. Due to the higher evaporative
demand of the atmosphere and the correspondingly more
water intake by the plants in daytime hours, sharper
decreases were observed in the soil moisture, especially in
Teros-10 sensor located at 25 cm depth. Alternatively, soil
EC increased with the penetration of irrigation water into
the soil and changed between 125–250 µmhos/cm in 75
cm soil profile. Increases in sensor readings after irrigation
water application are indicated that the water has reached
the soil depth where the sensor was installed.
In recent years various similar studies were
successfully conducted to demonstrate the application
of WSNs for different crops such as tomato (Cambra
et al., 2018), lettuce (Cambra et al., 2018), container
crops (Rahim Khan et al., 2013), citrus (Sawant et al.,
2017); with different communication technologies such
as Zigbee (Angelopoulos et al., 2011; Nikolidakis et al.,
2015), bluetooth (Kim et al., 2008; Kim and Evans, 2009)
and GPRS (Gutiérrez et al., 2014). Besides various soils/
growing mediums (Navarro-Hellín et al., 2015; Cambra
et al., 2018; Dursun and Ozden, 2011) tested and drip
irrigation strategy mentioned (Dursun and Ozden, 2011;
Chikankar et al., 2015; Sawant et al., 2017).
3.2. Preliminary test results of pilot-scale membrane tests
Treatment of spent geothermal fluid by employing
pressure-driven membrane separation processes was
investigated as the preliminary study. Two membranes
(NF and RO) were employed for this task. An applied
pressure of 15 bar and 60% water recovery was maintained
constant throughout permeate collection while the mode
of operation was a closed loop. Permeate obtained was
assessed before irrigation of tomato.
Based on the results obtained, it was observed that
the quality of the produced water in terms of electrical
conductivity (EC) has complied with irrigation water
standards given by the Republic of Turkey Ministry
of Environment and Urbanisation (TPDWTP, 2010).

Table 2. Membrane properties of large pilot-scale membrane treatment system.
Membrane

Producer

pH
range

Active area
(m2)

Maximum pressure
(bar)

Maximum temperature
(°C)

NF

Toray1

2–11

37.2

41.4

45

RO

Toray

2–11

37.0

41.4

45

2

Lenntech (2021). Toray Membranes CSM-NE8040-70-L. https://www.lenntech.com/Data-sheets/CSM-NE804070-L.pdf [accessed 23 May 2021].
2
Lenntech (2021). Toray Membranes TM720D-400 https://www.lenntech.com/products/membrane/toray.htm
[accessed 23 May 2021].
1
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Table 3. Spent geothermal fluid characteristics.

Table 4. Soil moisture readings of Teros-10 sensors before the
irrigations on 05.12.2021 and 05.17.2021.

Parameter

Spent geothermal fluid

pH

8.52

Electrical conductivity (μS/cm)

1807

TDS (mg/L)

1230

HCO3 (mg/L)

580

Cl (mg/L)

199

SO4 (mg/L)

164

F (mg/L)

7.0

Na (mg/L)

411

K (mg/L)

32

Mg (mg/L)

7.7

Ca (mg/L)

25

B (mg/L)

12

SiO2 (mg/L)

118

As (mg/L)

0.17

However, the produced water did not comply with
irrigation water in terms of boron concentration in both
the membranes tested (NF and RO). Furthermore, the
arsenic concentration in NF permeates was higher than
the irrigation water standard (<10 µg/L). Likewise, the
pH of the produced water by RO membrane was found
to be lower than the irrigation water standard (> 6.0) as
shown in Table 5. It is good to keep in mind that different
crops require different irrigation water quality (Yilmaz

25 cm

Soil moisture (m3/m3)

0.30

Irrigation date

Sensor depth
(cm)

Teros-10 sensor readings
before irrigations
(m3/m3)

05.12.2021

25
40
50
70

0.230
0.202
0.213
0.178

05.172021

25
40
50
70

0.227
0.199
0.211
0.176

et al., 2008). For that reason, some strategies need to be
developed to tailor the produced water for it to be suitable
for the irrigation of tomato plants.
Hence, various approaches are needed to use treated
spent geothermal fluid for irrigation. Many ways are
proposed in the literature regarding the treatment of
spent geothermal fluid. For example, the pH of the spent
geothermal fluid can be increased for the removal of
boron to irrigation water standards as recommended
by Tomaszewska and Bodzek (2013) and Yavuz et al.
(2010). So that, limiting factors of boron toxicity in plant
production such as reduction of root growth and decrease
of stem cell division, RNA content, leaf chlorophyll, and
photosynthetic rate will be excluded (Roessner et al., 2006).

40 cm

50 cm

75 cm

0.25

0.20

Figure 10. Soil moisture readings of Teros-10 sensors in T1 treatment between 05.12.2021 and 05.23.2021.
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5.25.2021 0:00

5.24.2021 0:00

5.23.2021 0:00

5.22.2021 0:00

5.21.2021 0:00

5.20.2021 0:00

5.19.2021 0:00

5.18.2021 0:00

5.17.2021 0:00

5.16.2021 0:00

5.15.2021 0:00

5.14.2021 0:00

5.13.2021 0:00

5.12.2021 0:00

0
5.11.2021 0:00

Soil electrical conductivity (µmhos/cm)

300

Figure 11. Soil EC readings of Teros-12 sensors in T1 treatment between 05.12.2021 and 05.23.2021.
Table 5. Evaluation of chemical quality of product water after
NF/RO treatment for agricultural irrigation purpose.
Parameter

Unit

NF

RO

Salinity

‰

0.34

0.01

EC

µS/cm

856

23.4

TDS

mg/L

346

8.77

Boron

mg/L

8.72

5.50

Arsenic

µg/L

30

< 10

pH

-

6.90

5.30

Another approach is to pass the treated spent
geothermal fluid through a fixed-bed column containing
boron selective chelating ion exchange resins. Another
problem that needs to be addressed is the absence of
minerals needed for a plant grown in permeate of NF/
RO membranes. Therefore, after NF/RO process, there is
a need to adjust the product water quality to be suitable for
the crop that is intended to be irrigated. This can be done
by either directly adding the missing elements or mixing
the produced permeates with a rich mineral-rich water
source (free of boron and arsenic) at an optimum ratio.
4. Conclusion
Geothermal fluid can be used for heating, cooling,
greenhouses, fish, etc. It is also can be used for irrigation.
In this study preliminary results of the operational
efficiency of an innovative WSN and a pilot-scale NF/RO

membrane system integrated to drip irrigation system was
demonstrated for irrigation of tomato plants with treated
geothermal water. Obtained data showed that irrigations
could be successfully monitored and managed remotely
by the WSN, in terms of soil moisture and electrical
conductivity, during the test period.
When using geothermal fluid in irrigation, the
chemical composition of the water must be carefully
monitored. Some geothermal fluids consist of a high
concentration of boron. In these cases, the fluid needs to be
treated. Treatment of spent geothermal fluid by employing
pressure-driven membrane (NF and RO) separation
processes in a pilot scale was investigated as preliminary
studies. It was found that the boron concentration was still
higher than the irrigation water standard. It was concluded
that more additional separation strategies like an increase
in feed spent geothermal fluid, coupling of pressure-driven
separation process with boron selective ion exchange fixed
bed, two or more pass membrane units must bring boron
to irrigation water standard.
It was clearly seen that spent geothermal fluid is
a promising potential irrigation water source when
proper treatment strategies alone or in combination with
innovative WSN are put in place. Additionally, long-term
studies are also necessary to better assess the opportunities
and risks for soil and plants.
Acknowledgment
This study was financially supported by international
research between the Scientific and Technological
Research Council of Turkey (TÜBİTAK) and the National

1197

MERİÇ et al. / Turkish J Earth Sci
Centre for Research and Development of Poland (NCBR)
(Project No: 118Y490-POLTUR3/Geo4Food/4/2019). The
authors want to thank TÜBİTAK for providing financial
support and scholarships to the students working on this
project. We would like to thank İzmir Geothermal Energy
Co. in İzmir for allowing us to install our large-scale pilot

system and experimental field for agricultural activities.
Y.A. Jarma wants to acknowledge the Presidency for
Turks Abroad and Related Communities (YTB) to PhD
scholarship. We thank our MS students A. Karaoğlu, I.A.
Senan, and O. Tekin their help in pilot-scale membrane
studies and K. Bostancı for some chemical analyses.

References
Akyildiz IF, Su W, Sankarasubramaniam Y, Cayirci E (2002). Wireless
sensor networks: A Survey. Computer Networks 38: 393-422.
doi: 10.1016/S1389-1286(01)00302-4

Dursun M, Ozden S (2011). A wireless application of drip irrigation
automation supported by soil moisture sensors. Scientific
Research and Essays 6 (7): 1573-1582.

Angelopoulos CM, Nikoletseas S, Theofanopoulos GC (2011).
A smart system for garden watering using wireless sensor
networks. In: Proceedings of the 9th ACM International
Symposium on Mobility Management and Wireless Access. pp.
167-170.

EPAUS (2008). National Water Program Strategy: Response to
Climate Change. USA: U.S. Environmental Protection Agency,
Office of Water.

Baba A, Ármannsson H (2006). Environmental impact of the
utilization of geothermal areas. Energy Sources, Part B:
Economics, Planning, and Policy 1 (3): 267-278. doi:
10.1080/15567240500397943
Baba A, Gungor T (2002). Influence of gold mine on groundwater
quality (Efemçukuru, Izmir, Turkey). Environmental Geology
41: 621-627. doi: 10.1007/s002540100432
Baba A, Sözbilir H (editors) (2016). Detail Report on Geothermal
Protection Zone. İzmir, Turkey: İzmir Geothermal Company
(in Turkish).
Balendonck J, Tüzel İH, Tüzel Y, Meriç MK, Öztekin GB (2009).
Introducing techniques to save water. Flower Tech 12 (3): 2425.
Bongole K, Sun Z, Yao J (2021). Potential for geothermal heat
mining by analysis of the numerical simulation parameters in
proposing enhanced geothermal system at bongor basin, chad.
Simulation Modelling Practice and Theory 107: 102218. doi:
10.1016/j.simpat.2020.102218
Bundschuh J, Bhattacharya P (2010). The Global Arsenic Problem:
Challenges for Safe Water Production, CRC Press/Balkema/
Taylor & Francis Group, Boca Raton.
Cambra C, Sendra S, Lloret J, Lacuesta R (2018). Smart System for
Bicarbonate Control in Irrigation for Hydroponic Precision
Farming. Sensors 18 (5): 1333. doi: 10.3390/s18051333
Cengeloglu Y, Arslan G, Tor A, Kocak I, Dursun N (2008). Removal
of boron from water by using reverse osmosis. Separation
and Purification Technology 64 (2): 141-146. doi: 10.1016/j.
seppur.2008.09.006

Erdoğan B (1990). Tectonic relations between İzmir-Ankara zone
and Karaburun belt. Bulletin of the Mineral Research and
Exploration 110: 1-15.
Erdogmus B, Toksoy M, Ozerdem B, Aksoy N (2006). Economic
assessment of geothermal district heating systems: A case
study of Balcova-Narlidere, Turkey. Energy and Buildings 38
(9): 1053-1059. doi: 10.1016/j.enbuild.2006.01.001
Gallup DL (2007). Treatment of geothermal waters for production
of industrial, agricultural or drinking water, Geothermics 36:
473-483. doi: 10.1016/j.geothermics.2007.07.002
Gutiérrez J, Villa-Medina JF, Nieto-Garibay A, Ángel Porta-Gándara
M (2014). Automated irrigation system using a wireless
sensor network and GPRS module. IEEE Transactions on
Instrumentation and Measurement 63 (1): 166-176. doi:
10.1109/TIM.2013.2276487
Haklıdır FST, Şengün R, Aydın H (2021). Characterization and
Comparison of geothermal fluids geochemistry within the
Kızıldere Geothermal Field in Turkey: New findings with
power capacity expanding studies. Geothermics 94: 102110.
doi: 10.1016/j.geothermics.2021.102110
Hamami L, Nassereddine B (2020). Application of wireless sensor
networks in the field of irrigation: A review. Computers
and Electronics in Agriculture 179: 105782 doi: 10.1016/j.
compag.2020.105782
Hamami L, Nassereddine B (2021). Factors influencing the use of
wireless sensor networks in the irrigation field. International
Journal of Advanced Computer Science and Applications 12
(3): 708-717. doi: 10.14569/IJACSA.2021.0120382
Hu H, Brown PH (1997). Absorption of boron by plant roots. Plant
and Soil. 193: 49-58. doi: 10.1023/A:1004255707413

Chikankar PB, Mehetre D, Das S (2015). An automatic irrigation
system using ZigBee in wireless sensor network. In: 2015
International Conference on Pervasive Computing (ICPC). pp.
1-5.

Jarma YA, Karaoglu A, Tekin O, Baba A, Okten HE et al. (2021).
Assessment of different nanofiltration and reverse osmosis
membranes for simultaneous removal of arsenic and boron
from spent geothermal water. Journal of Hazardous Materials
405: 124129. doi: 10.1016/j.jhazmat.2020.124129

Chu Z, Dong K, Gao P, Wang Y, Sun Q (2021). Mine-oriented
low-enthalpy geothermal exploitation: A review from spatiotemporal perspective., Energy Conversion and Management
237: 114123. doi: 10.1016/j.enconman.2021.114123

Kalaitzidou K, Tzika AM, Simeonidis K, Mitrakas M (2018).
Evaluation of boron uptake by anion exchange resins in tap and
geothermal water matrix. Materialstoday Proceedings 5 (14):
27599-27606. doi: 10.1016/j.matpr.2018.09.080

1198

MERİÇ et al. / Turkish J Earth Sci
Kaya E, Zarrouk SJ, O’Sullivan MJ (2011). Reinjection in geothermal
fields: a review of worldwide experience. Renewable Sustainable
Energy Reviews 15: 47–68. doi: 10.1016/j.rser.2010.07.032
Kim Y, Evans RG (2009). Software design for wireless sensorbased site-specific irrigation. Computers and Electronics in
Agriculture 66 (2): 159-165. doi: 10.1016/j.compag.2009.01.007
Kim Y, Evans RG, Iversen WM (2008). Remote sensing and control of
an irrigation system using a distributed wireless sensor network.
IEEE Transactions on Instrumentation and Measurement 57
(7): 1379-1387. doi: 10.1109/TIM.2008.917198
Knipe EC, Rafferty KD (1985). Corrosion in low-temperature
geothermal applications. American Society of Heating
Refrigerating and. Air-conditioning Engineers Transactions 91
(Part 2B).
Koseoglu H, Harman BI, Yigit NO, Guler E, Kabay N et al. (2010).
The effects of operating conditions on boron removal from
geothermal waters by membrane processes. Desalination 258
(1-3): 72-78. doi: 10.1016/j.desal.2010.03.043
Lea-Cox JD (2012). Using wireless sensor networks for precision
irrigation scheduling. In: Manish Kumar (editors). Problems,
Perspectives and Challenges of Agricultural Water Management.
London, UK: IntechOpen, pp. 233-258. doi: 10.5772/31236
Liu J (2003). The status of geothermal reinjection. Hydrogeology &
Engineering Geology 30 (3): 100-104 (in Chinese with English
abstract).
Melikoglu M (2017). Geothermal energy in Turkey and around the
World: A review of the literature and an analysis based on
Turkey’s Vision 2023 energy targets. Renewable and Sustainable
Energy Reviews 76: 485-492. doi: 10.1016/j.rser.2017.03.082
Navarro-Hellín H, Torres-Sánchez R, Soto-Valles F, Albaladejo-Pérez
C, LópezRiquelme JA et al. (2015). A wireless sensors architecture
for efficient irrigation water management. Agricultural Water
Management 151: 64-74. doi: 10.1016/j.agwat.2014.10.022
Nikolidakis SA, Kandris D, Vergados DD, Douligeris C (2015).
Energy efficient automated control of irrigation in agriculture
by using wireless sensor networks. Computers and Electronics
in Agriculture 113: 154-163. doi: 10.1016/j.compag.2015.02.004
Ozbey-Unal B, Koseoglu-Imer D, Keskinler B, Koyuncu I (2018).
Boron removal from geothermal water by air gap membrane
distillation. Desalination 433: 141-150. doi: 10.1016/j.
desal.2018.01.033
Rahim Khan IA, Suryani MA,
Wireless sensor network
system for container grown
Sciences Journal 24 (8):
wasj.2013.24.08.1151

Ahmad M, Zakarya M (2013).
based irrigation management
crops in Pakistan. World Applied
1111–1118. doi: 10.5829/idosi.

Roessner U, Patterson JH, Forbes MG, Fincher GB, Langridge P et
al. (2006). An investigation of boron toxicity in barley using
metabolomics. Plant Physiology 142: 1087-1101. doi: 10.1104/
pp.106.084053
Samatya S, Köseoğlu P, Kabay N, Tuncel A, Yüksel M (2015).
Utilization of geothermal water as irrigation water after
boron removal by monodisperse nanoporous poly-mers
containing NMDG in sorption–ultrafiltration hybrid process.
Desalination 364: 62-67. doi: 10.1016/j.desal.2015.02.030

Sawant S, Durbha SS, Jagarlapudi A (2017). Interoperable agrometeorological observation and analysis platform for precision
agriculture: a case study in citrus crop water requirement
estimation. Computers and Electronics in Agriculture 138:
175-187. doi: 10.1016/j.compag.2017.04.019
SDI-12 Support Group (2012). A Serial-Digital Interface Standard
for Microprocessor-Based Sensors, Version 1.4. River Heights,
Utah, USA.
Tester J, Anderson BJ, Batchelor A, Blackwell D, DiPippo R et al.
(2007). Impact of enhanced geothermal systems on US energy
supply in the twenty-first century. Philosophical Transactions
of The Royal Society A 365: 1057-1094. doi: 10.1098/
rsta.2006.1964
Tomaszewska B, Bodzek M (2013). Desalination of geothermal
waters using a hybrid UF-RO process. Part I: Boron removal
in pilot-scale tests. Desalination 319: 99-106. doi: 10.1016/j.
desal.2012.05.029
Tomaszewska B, Bundschuh J, Pająk L, Dendys M, Quezada VD et
al. (2020). Use of low-enthalpy and waste geothermal energy
sources to solve arsenic problems in freshwater production in
selected regions of Latin America using a process membrane
distillation–Research into model solutions. Science of The Total
Environment 714: 136853. doi: 10.1016/j.scitotenv.2020.136853
Tomaszewska B, Rajca M, Kmiecik E, Bodzek M, Bujakowski
W et al. (2017). The influence of selected factors on the
effectiveness of pre-treatment of geothermal water during the
nanofiltration process. Desalination 406: 74-82. doi: 10.1016/j.
desal.2016.07.007
TPDWTP (2010). Technical Procedure Declaration for Wastewater
Treatment Plants, Ministry of Environment and Urbanization,
Republic of Turkey.
TSNPS (2015). Telit Star Network Protocol Stack User Guide.
[Internet]. Telit Communications S.P.A.; c2011-2015 [cited
2021 Jun 7]. Available from: http://iot.com.tr/uploads/pdf/
Telit_Star_Network_Protocol_Stack_User_Guide_r9.pdf
Wator K, Zdechlik R (2021). Application of water quality indices
to the assessment of the effect of geothermal water discharge
on river water quality - case study from the Podhale region
(Southern Poland). Ecological Indicators 121: 107098. doi:
10.1016/j.ecolind.2020.107098
WB (2021). Water in Agriculture: Towards Sustainable Agriculture
(English). Washington, D.C. World Bank Group.
World Health Organization (2011). Guidelines for Drinking-water
Quality, 4th Edition. Geneva, Switzerland: World Health
Organization.
Yilmaz AE, Boncukcuoğlu R, Kocakerim MM, Tolga YM, Paluluoğlu
C (2008). Boron removal from geothermal waters by
electrocoagulation. Journal of Hazardous Materials 153 (1-2):
146-151. doi: 10.1016/j.jhazmat.2007.08.030
Zhang L, Geng S, Chao J, Zhao Z, Luo Y et al. (2021). Corrosion
risk assessment of geothermal reinjection wellbore in Xining
Basin, China. Geothermics 90: 101995. doi: 10.1016/j.
geothermics.2020.101995

1199

